Abstract. Computerized image-intensified fluorescence microscopy has been used to quantify routing and subcellular concentrations of rhodaminated EGF (Rh-EGF) during its receptor-mediated endocytosis in two transfected NIH-3T3 cell lines expressing 2 x 1@ and 1.5 x 106 receptors per cell, respectively. A series of images were digitized by focusing at different depths through the volume of a single cell. The digitized pictures were corrected for fluorescence photobleaching, and removal of out-of-focus fluorescence contributions by deconvolution using the point spread function of the microscope optics (Agard, D. A., and J. W. Sedat. 1980. Proc. Soc. Photo-Opt. Instr. Eng. 264:110-117) allowed automatic computer analysis of the time dependence of endosomal vesicle size and fluorescence intensity in a live cell and also enabled the study of isolated vesicles. An increase in the amount of fluorescence bound to the cell surface, either by increasing the number of receptors expressed per cell or the concentration of Rh-EGF in the incubation drop, yielded an increase in the total fluorescence of internalized vesicles without an increase in their number and area. The linear relation between fluorescence intensity and area for vesicles at different times indicates that EGF concentration is conserved. This is compatible with fusion of small vesicles to form larger ones. However, as endocytosis proceeds, a twofold increase in the slope of the fluorescence vs. area plots is observed for larger vesicles, suggesting that active sorting causes the EGF to be concentrated. Alternatively, this factor could be produced by cumulative fluorescence contributions from stacked membranes. Since coated pits are internalized independent of their occupancy with EGF receptor, we propose that endocytosis does not involve a mechanism specifically recognizing occupied receptors but is rather triggered by a global intracellular event.
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PIDERMAL Growth Factor (EGF) when bound to its receptor, causes a variety of cellular responses that eventually lead to proliferation (Carpenter and Cohen, 1979) . Concomitant with these responses and associated biochemical changes in membrane and cytoplasmic proteins, both ligand and receptor are internalized by the pathway known as receptor-mediated endocytosis (Schlessinger et al., 1983; Willingham and Pastan, 1985; Hopkins, 1986) .
Electron microscopic studies have shown that EGF receptors are diffusely distributed on the membrane surface. 3 min after exposure to EGF at 3'7°C, the EGF-receptor complex is found in coated pits, whereupon it is internalized and transferred through endosomes to the Golgi apparatus (Haig-M. Benveniste's present address is Laboratory of Developmental Neurobiology, NICHD, Building 36, Room 2A21, National Institutes of Health, Bethesda, MD 20892. J. Schlessinger's present address is Rorer Biotechnology Inc., Research Laboratories, 680 AUendale Road, King of Prussia, PA 19046. ler et al., 1978; Willingham and Pastan, 1982) . There are some indications that a fraction of the receptors are recycled back to the membrane (Beguinot et al., 1985; Honegger et al., 1987) , while the EGF and the nonrecycled receptors are sent to lysosomes (Gorden et al., 1978) .
In the cases of low density lipoprotein or transferrin receptors, endocytosis is the mechanism by which ligand is brought into the cell for internal use (Goldstein et al., 1979; Brown et al., 1983; Dautry-Varsat et al., 1983) . The role of endocytosis for EGF function is not clear since EGF is degraded in the lysosomes (Carpenter and Cohen, 1976a; Gorden et al., 1978; Dickson et al., 1983) . Since it takes 6-8 h of continuous incubation with EGF to commit a cell to proliferate (Carpenter and Cohen, 1976b) , the EGF receptor or its degradation products (Das and Fox, 1978; Fox and Das, 1979) may accumulate in specific cytoplasmic compartments and trigger cellular responses. Alternatively, endocytosis may be a mechanism for removal of the tightly bound EGF-receptor complex from the cell surface, which may be necessary to allow for continuing sensitivity of the cetl to extracellular EGE Site-directed mutagenesis has been used as a tool to study the relationship between the structure of the receptor and the different functions with which it is associated. Deletion mutants lacking the whole kinase domain of the EGF receptor are neither endocytosed nor do they induce cell proliferation . An insertion at cytoplasmic residue 888, which shifts the reading frame of the rest of the receptor, destroyed kinase activity, endocytosis, and mitogenic activity, while an insertion at residue 708 destroyed kinase activity but did not arrest endocytosis and mitogenic activity Prywes et al., 1986) . Until now, no mutant has been found that has mitogenic activity and does not undergo receptor-mediated endocytosis. This fact is indicative of the close relationship between the activation of endocytosis and mitogenicity. Since the latter involves a long sequence of unknown events, the study of endocytosis, the mechanism of its activation, and its relationship to the activation of other processes like phosphorylation and intracellular sorting is of interest.
Through the analysis of many fixed cells, electron microscopy has provided detailed information on receptor routing during endocytosis. Light microscopy can complement electron microscopy since one can follow the endocytic process throughout the whole cell over time and provide quantitative subcellular concentrations and distributions of fluorescently labeled probes within live cells. In addition to quantitative measurements with submicron spatial resolution, better temporal resolution of cellular responses can be obtained by observing an individual cell as compared with biochemical techniques which only give an averaged response of many unsynchronized cells.
Depending on the mechanism of trapping, internalization, and sorting of the EGF receptor, we can anticipate that controlled changes in ligand and receptor concentrations on the cell surface will differentially affect their concentrations in localized compartments and their distributions within the cell. Two NIH-3T3 cell lines (HER82 and HER22) which are devoid of endogenous murine EGF receptor, but were transfected with human EGF receptor cDNA, have been labeled with varying concentrations of rhodaminated EGF (Rh-EGF). t These lines express 1.5 x 106 and 2 × l0 s receptors per cell on their surfaces, respectively (Benveniste et al., 1988) . We have characterized the three-dimensional distribution of Rh-EGF by measuring fluorescence intensity as a function of time at a series of adjacent focal planes within the cell using computerized image-intensified microscopy. We have found that the concentration of EGF in endosomes was reduced by reducing the amount applied to the cells or by using cells with reduced expression of the EGF receptor. The number of endocytosed vesicles and their total membrane area varies tess than twofold in all experiments with these two cell lines. The results suggest that the rate of endosome formation is almost independent of EGF and occupied receptor concentrations. We discuss these results in terms of possible activation mechanisms for endocytosis.
Materials and Methods

Cells
HER82 and HER22 are NIH-3T3 cell lines transfected with a fuU-length 1. Abbreviation used in this paper: Rh-EGF, rhodaminated epidermal growth factor. human cDNA construct of EGF receptor and have been described and characterized elsewhere (Benveniste et al., 1988) . The cells were grown at 37°C and 5% CO2 in DME containing 10% FCS and supplemented with 5 mM glutamine and combined antibiotics. Cells were grown on 18-mm 2 glass coverslips to 30% confluency in 35-ram tissue culture dishes. The coverslips were first treated for 1 h with 100/~g/ml poly-L-lysine hydrobmmide (Biomakor, Jerusalem, Israel) followed by two washes with sterile water. 24 h after seeding, the cells were washed twice with 20 mM Hepes-buffered DME containing 10% FCS and lacking phenol red (HDME). The coverslips were then inverted onto parafilm containing a drop (usually 4 ~i) of 5 or 50 ~tg/ml Rh-EGF (preparation described in Benveniste et al., 1988) and incubated for 5 min at room temperature. At this short time and with these high concentrations of EGF, one achieves a high level of binding that is proportional to concentration before considerable endocytosis occurs, avoiding incubation at low temperature as a means to arrest the process. Cells were washed twice and placed on a glass slide containing 6 #1 of HDME. Experiments were then carried out at 37°C.
Image Collection
Fluorescently labeled cells were imaged using a microscope (Axiomat; Carl Zeiss, Inc., Oberkochen, FRG) equipped with a 100x 1.3-NA Planapo objective and epiluminescence (dichroic mirror with 510-560-nm excitation and 590-nm barrier filters) with a 100-W mercury lamp (Osram, Munich, FRG) and stabilized power supply (HBO 100 W/2; Carl Zeiss, Inc.). The incident light was attenuated by an iris inserted in the conjugated aperture plane. A second aperture in the incident beam-conjugated field plane limited the fluorescence excitation to the center of the microscope field where the image was digitized, thus reducing the background light level. The microscope zoom optics were used to further magnify the image twofold before it was projected onto a camera (ISIT; RCA, Lancaster, PA), digitized at 0.14 /,m/pixel, or an image-intensified video camera (Venus TV2M; Carl Zeiss, Inc., Thornwood, NY), digitized at 0.17 #m/pixel by an image processor (FD5000; Gould de Anza Inc., San Jose, CA) interfaced with a computer (VAX 111780; Digital Equipment Corp., Marlboro, MA). 32 video frames of 512 x 512 pixels were averaged in real time by the image processor, and a 256 x 256 eight-bit frame defined by a box cursor was transferred to the computer and stored for analysis. For each time point, eight focal planes were recorded by stepping the microscope focus at 2-t~m intervals. Picture acquisition and storage, as well as the microscope focus and shutter, were controlled by the host computer using custom-made hardware (focus and shutter controller; Weizmann Institute of Science, Rehovot, Israel) and software (Felder, S., and Z. Kam, manuscript in preparation) . Each such set of eight images defines a group with a total illumination time of 28 s. The time difference between groups varied progressively from 90 s, at the beginning of the collection, to 5 rain.
Image Deconvolutions
Out-of-focus contributions were removed by using the adjacent planes threedimensional deconvnlution algorithm of Agard and Sedat (1980) .
Calibration of Image Intensities
Since samples vary in fluorescence brightness, the camera controls the gain of its image intensifier to yield the optimal image. Calibration of the digitized grey levels was achieved by imaging a grey scale film consisting of six 15% OD steps transilluminated with a constant light source. When this grey scale was inserted into a conjugated field plane of the microscope, it was digitized simultaneously with each image, and the grey level values were stored with each picture. A least squares fitting program (Bevington, 1969) determines the slope and intercept that are used to calibrate the gain and blanking level of each picture and to normalize the digitized grey levels to those of one reference (a picture of an HER82 cell) used for all experiments. 0.5-~m-diameter rhodaminated polystyrene beads have been digitized at various gains and have demonstrated that there are no significant changes in the point spread function of our imaging system and that there are no distortions in our area estimations.
Bleach Correction
The intensity, 1, for all pixels above a threshold, 1o, was summed for each group of eight focal planes and plotted as a function of the group number, n. These values were then used in a nonlinear least squares fitting program (Bevington, 1969) to determine the exponential decay constant of the fluorescence intensity due to bleaching, ix. The bleach-corrected fluorescence, I~, for each pixel was then calculated according to Figure / . Progression of endocytosis of an HER82 cell labeled with Rh-EGE The third focal plane (out of eight) is depicted at 0, 20, 40, and 60 rain (A-D, respectively). The zero time under the microscope is "~10 min after the slide was incubated with Rh-EGF at room temperature. Bar, 5 #m.
1,~ = ( l -lo) e ~n +Io.
The threshold was defined as the grey level that gave the best segmentation between cell-associated fluorescence and out-of-cell background for the whole duration of the experiment. The main contributors to this background fluorescence were stray light scattered in the microscope and camera blanking level, which were constant for the duration of the experiment. Therefore, bleach corrections were not applied to values below the threshold.
I m a g e A n a l y s i s
Endocytosis is quantified by first defining the regions inside the cell using manual mouse tracking of the inside boundary of the fluorescent membrane. The deconvoluted pictures ate thresholded, and the areas within the mouse tracks are sorted into patches of contiguous pixels to give "vesicle area7 This area represents a two-dimensional projection of the integratcd intensity above the threshold collected from vesicles and is proportional to their cross-sectioual area. Pixels belonging to the same patch were counted. Background-subtracted intensities from the corresponding areas of the original pictures were summed to yield the vesicle "fluorescence intensity7 Only patches greater than or equal to two adjacent pixels (300 nm diameter) were used. The integrated intensities of all patches in the cell were plotted against the patch areas. The slope of the plot determined the "specific fluorescence." R e s u l t s Fig. 1 shows the progression of endocytosis in an HER82 cell at various times after exposure to Rh-EGE Fig. 1 A depicts the third focal plane of the cell, which is situated --4 #m from the plane of attachment of the cell to the coverslip. The fluorescence observed by focusing through the focal planes is mostly membrane bound, although some small patches of fluorescence of 0.5 #m diameter are already visible adjacent to the plasma membrane inside the cell. The small degree of endocytosis observed is a result of incubating the cells with Rh-EGF at an endocytosis-permissive temperature of 22°C. The same focal plane of the same HER82 cell is imaged in Fig. 1 B after 20 min at 37°C. Larger fluorescent patches (1 #m diameter) have segregated toward the middle of the cell and the fluorescence appears mostly particulate. By comparing the plasma membranes in Fig. 1 , A with B, a substantial decrease in fluorescence is observed. This exemplifies the decrease in diffuse fluorescence bound to the cell surface with the progression of endocytosis. Fig. 1 C depicts the same focal plane after a 40-rain incubation. The cell has become rounded and most of the fluorescence has accumulated in the center and is no longer particulate in nature. I h after the start of the incubation at 37°C, the fluorescence intensity has completely concentrated in the center and no plasma membrane-associated fluorescence can be observed. A significant decrease in total fluorescence intensity between Fig. 1 , C and D, is also apparent.
The incident light for all the experiments had to be kept approximately fivefold attenuated from the intensity of the source. If higher incident intensities were used, even briefly, endocytosis could not be observed. Yet, if cells were incubated with Rh-EGF for 10 rain at 37°C to initiate endocytosis, the internalized fluorescent vesicles were observed to move and fuse, indicating that high intensities of the impinging light probably affect the early stages of endocytosis but may not affect later stages of intracellular routing.
The unprocessed images of these cells, which are 10-15 #m thick, contain significant out-of-focus fluorescence. By deconvoluting these images using the point spread function of the microscope, out-of-focus contributions are removed (Fig. 2) . Segmentation of fluorescent endosomes from the background by a single threshold value for all the pictures imaged from one cell for the duration of the experiment is vesicles are seen that contribute fluorescence in two consecutive image planes (Fig. 4, A and B, arrows) . Over the long time interval of these experiments, correct fluorescence intensities can be attained only after overcoming effects due to bleaching of the fluorophores and the consequent changes in the gain of the camera. Fig. 6 shows the normalized integrated cellular fluorescence of three representative cells: an HER82 cell incubated with 5/zg/ml Rh-EGF, an HER82 cell incubated with 50 #g/ml Rh-EGF, and an HER22 cell incubated with 50 #g/ml Rh-EGE The fluorescence bleaching constant, ~, of all three cells is similar and corresponds to an exposure time of 10 groups of images. Continuous illumination of HER82 cells for 14 min, equivalent to the accumulated intermittent exposures of 30 groups, yielded the same o~. This is true for cells observed immediately after labeling with Rh-EGF as well as for cells incubated for 20 min at 37°C, which have internalized most of the Rh-EGF, and then illuminated for 14 min. The results of normalization for camera gain and bleach correction for integrated intensities of internalized fluorescence of an HER22 cell are shown in Fig. 7 . The correction for camera gain, normalized to an HER82 cell, decreased the intensities approximately twofold. Bleach correction, which is time dependent, produces a curve of increasing internalized fluorescence, reaching a plateau after 30 min that is threefold higher than the original data. The time course for bleach-corrected and normalized internalized intensities for representative HER82 and HER22 cells is shown in Fig. 8 . HER82 cells were incubated for 5 min on 4 #1 of high EGF concentrations, either 50 txg/ml (same cell as depicted in Fig. 1 ) or of 5 t~g/ml Rh-EGE The 5/~g/mi concentration could not be used for HER22 cells since the level of fluorescent intensities is within the background of detection of our system. The intensity at the plateau is five-to eightfold higher for HER82 cells than for the HER22 cells when 50/~g/ml of Rh-EGF is used. HER82 cells incubated with tenfold less Rh-EGF have a time course of internalized intensity similar to HER22 cells. HER82 cells incubated with the same Rh-EGF concentration but different total EGF concentrations had similar maximum internalized intensities. These ceils, which were labeled with a 4-pl aliquot of one part 50/~g/ml Rh-EGF plus nine parts PBS or one part 50/zg/ml Rh-EGF plus nine parts 50 pg/ml unlabeled EGF, had six-to eightfold lower intensities than when saturating (50 #g/ml) concentrations of Rh-EGF were used (Table I) . Nonspecific fluorescence, as determined with incubation of Rh-EGF and a 50-fold excess of unlabeled EGF, was under the typical threshold levels for these experiments and, thus, was removed by subtraction of the subthreshold background (see Materials and Methods). Previous measurements have also shown that the change of fluorescence intensity (nonspecific background subtracted) between HER82 and HER22 cells labeled with 50/zg/ml of Rh-EGF was directly proportional to the number of EGF-binding sites found on their cell surface (Benveniste et al., 1988) . Fig. 9 shows the respective time dependence of the internalized endosome areas for the same cells from Fig. 8 . The rates of increase and the absolute levels of internalized areas are similar for all cases even though the HER82 cell has on the average 7.5-fold more receptors than the HER22 cell and the total internalized EGF is different. The kinetics of the increase in internalized intensity, area, and vesicle number peak 10 min after the start of the experiment and start to decay after 30 min. The number of fluorescent vesicles varies two-to threefold between these three experiments and has no correlation with the intensity of internalized fluorescence (Fig. 10) . Maximal internalized intensity, area, and vesicle number have been summarized for several cells in Table I . Due to high contrast of the deconvoluted pictures, a 10% change in threshold level is a reasonable estimate for error since it produces visually similar quality of vesicle segmentation of fluorescence patches. Such a change in threshold level results in a 30% change in area and intensity. However, the change in their ratio is <20%.
The local concentration of EGF within vesicles is determined by the intensity per unit area (pixel) of patches. This quantity, which we define as specific fluorescence, is time Area and fluorescence intensities were summed for all pixels above threshold. The number of vesicles is the number of contiguous patches. * Number of samples in parentheses.
In one experiment, cells were incubated with a 4-#1 aliquot of one part 50 #g/ml Rh-EGF plus nine parts PBS, while in the second experiment cells were incubated with a 4-#1 aliquot of one part 50 #g/ml Rh-EGF plus nine parts 50 #g/ml unlabeled EGF. dependent as shown when the average slope of a plot of intensity vs. area for fluorescent patches is determined individually for each time group. Fig. 11 shows that the specific fluorescence of the HER82 cell incubated with 50 #g/ml Rh-EGF rises approximately fourfold, reaching a plateau 50 min after the start of the experiment. The specific fluorescence of an HER82 cell incubated with 5 #g/ml Rh-EGF and an HER22 cell labeled with 50 #g/ml Rh-EGF increases about twofold.
In Fig. 12 , the integrated intensities of the fluorescent patches are plotted against their respective number of pixels (area). Each point in this figure represents the average of the intensities of all patches of the same area collected from all groups of images of an HER82 cell. The specific fluorescence can be described by the slope of the two linear fits for patch areas above and below a 50-pixel area. Fig. 13 is a summary of all the data subjected to the analysis exemplified in Fig. 12 . The large cell-to-cell variations in total Rh-EGF binding make it difficult to evaluate trends between the transfected cell lines. Since there is a direct correlation between Rh-EGF binding and the maximum internalized fluorescence intensity (Fig. 8 and Table I ), local, internalized Rh-EGF concentrations can be normalized. Fig. 13 clearly shows that the specific fluorescence for both small and large patch areas increases linearly as the total maximum internalized intensity increases. The specific fluorescence of patches with an area >50 pixels is twofold higher than the corresponding specific fluorescence of patches <50 pixels. The x-intercept of the slope of specific fluorescence of large patches (Fig. 12 , inset) also increases with increasing maximal internalized intensity, from 18.7 pixels for HER22 cells to 29.7 pixels for HER82 cells.
Single vesicles within a specific HER82 cell were tracked manually and analyzed. Vesicle intensities and areas (data not shown) increased with time, with the areas >50 pixels appearing after 10 min at 37°C. Table II summarizes results for the specific fluorescence obtained for five fluorescent vesicles traced within a specific cell. The average slope for the specific fluorescence for small and large vesicles was 18 and 55 grey levels per pixel, respectively, and the x-intercept was 28 pixels. This data correlated well with results obtained by the automatic thresholding technique. The vesicle coordinates exhibit a saltatory movement whose general direction approached the cell center.
Discussion
Fluorescence microscopy provides a way to localize labeled molecules and measure their concentrations in live intact cells. Fluorescent images have large out-of-focus contribu- Fig. 1) , which results from the fact that a point source imaged at different focal heights yields a cone of fluorescent light where the integrated intensity at any height is almost conserved, even at several microns above or below the focus (Kam, 1987 Area (pixels) Figure 12 . An example of the determination of specific fluorescence for an HER82 cell labeled with 50 #g/ml Rh-EGF. Integrated intensities (background subtracted) were summed for each patch. Intensities of all patches of the same area were averaged and plotted. A slope of 37 of the fitted line defines the specific fluorescence for patches <50 pixels and of 144 for patches >50 pixels. (Inset) Expanded scale for fluorescence patches <50 pixels. Maximum Internalized Intensity Figure 13 . The dependence of specific fluorescence of transfected amplification EGF receptor cell lines on the internalized fluorescence. Slopes determined from intensity vs. area plots (Fig. 12) are drawn against the maximum internalized intensity. (,, and &) The specific fluorescence determined for vesicle areas <50 pixels for HER82 and HER22 cells, respectively; (t~ and zx) the specific fluorescence determined for vesicle areas >50 pixels.
of the microscope optical transfer function for a set of twodimensional images at different focal heights, out-of-focus fluorescence contributions were practically eliminated. The deconvolution localizes the contribution of each vesicle to only one optical section, automatically allowing the use of simple thresholding for segmentation of endosomes (Fig. 3) . The recent popularity of scanning confocal microscopy has been warranted because of the enhanced contrast attained for fluorescent objects in real time, making deconvolution of the digitized picture unnecessary (for review see Fine et al., 1988) . Signal-to-noise ratios sufficient to differentiate structure in live cells by scanning confocal microscopy have been limited to highly fluorescent lipid and intracellular dyes. Studies with more specific probes, such as fluorescent antibodies, have been limited to fixed tissues. Currently, the length of time needed to repeatedly digitize and sum optical sections by scanning confocal microscopy to acquire a signal-to-noise ratio comparable with the deconvoluted images presented in this paper is two-to threefold longer than the time required by our method. Therefore, our method of data acquisition and analysis provides better signal-to-noise ratios per unit time and an increased temporal resolution that allows Slope 1 is the slope of intensity vs. area plot (Fig. 12) for patches with areas <50 pixels. Slope 2 is the slope of intensity vs. area plot (Fig. 12, inset) for patches with areas 950 pixels, x-intercept for slope 2 determines the extrapolated nonfluorescent area to which fluorescent vesicles fuse. * Grey levels per pixel. $ Pixels.
noninvasive investigation of some biological processes in live intact cells. Long duration exposures from the incident light source cause a decrease in fluorescence intensities due to bleaching of the fluorophore (Fig. 6) . The exponential bleach decay constants, calculated from the total cell fluorescences from each experiment, show that the bleaching is only a function of the illumination conditions. The rate of bleaching of fluorescent probes was reported to depend on their environment in different cellular compartments (Benson et al., 1985) . However, the total averaged cellular fluorescence decay from Rh-EGF when most of the fluorophores were bound to the membrane or localized in the endosomes, Golgi apparatus, or lysosomes was similar, suggesting that changes in fluorescence localization did not significantly affect bleaching kinetics. Thus, the bleach correction enables analysis of single cell experiments even if long exposure to fluorescent light is required. The initial rise and plateau of internalized Rh-EGF obtained for single cells by this method is similar to the kinetics of endocytosis measured with 12SI-EGF for plates containing millions of cells (Benveniste et al., 1988) . The decrease of integrated fluorescence after the plateau sometimes detected in these curves may be due to degradation and expulsion of Rh-EGF (Carpenter and Cohen, 1976a) .
The wide range of intensities emitted by fluorescence samples requires that the image intensifier of the video camera vary its gain to optimize the use of its dynamic range. Our data have been normalized using a calibration scale inserted into each picture to compensate for these changes of gain and allow for comparison of different data sets.
The fluorescent patches inside the cell had to consist of at least two adjacent pixels above threshold to limit the probability of counting random noise. The dimensions of a twopixel patch, 0.14 x 0.28 #m, is ~20-fold larger than the size reported for early endosomes by electron microscopy (Hopkins, 1986 ). The diffuse fluorescence of early endosomes has been measured by light microscopy (Yamashiro and Maxfield, 1987) , however, single vesicles were not resolved.
We have used image-intensified fluorescence microscopy in conjunction with the computer-assisted image corrections to get quantitative time-dependent observations of receptormediated endocytosis of EGF through coated pits. The kinetics and distribution of the process were studied at varying concentrations of the participating molecules. Transfected cell lines with amplified expression of the EGF receptor provide a way to vary the number of receptors in the plasma membrane in addition to changing EGF concentration. 5-min incubations were chosen since the amount of endocytosis occurring within that period is only 10% of the maximum total internalized fluorescence intensity. During this time, EGF binding does not reach equilibrium, yet longer incubations would prevent the observation of the kinetics of the rise in internal fluorescence. Low temperature incubations, which arrest endocytosis, were not used due to possible temperaturedependent artifacts that may change the behavior of the system (Gaskin et al., 1974; Benveniste et al., 1988) . Table I shows that HER82 cells incubated with 50 #g/ml Rh-EGF have an 8.5-fold higher average intensity than HER82 cells incubated with 10% the Rh-EGF concentration and >20-fold higher average intensity than Rh-EGF-labeled HER22 cells. The maximum internalized intensities have high standard deviations. This indicates that these cells, which belong to two specific tissue culture lines, are somewhat heterogeneous in their expression of EGF receptor on the cell surface. Fig. 13 shows that there is a 10-fold difference between the highest maximum internalized intensity of the HER82 and HER22 cells, which corresponds to the difference in number of receptors for each cell line as determined by Scatchard analysis (Benveniste et al., 1988) . Internalized intensities and areas for the two cell lines are similar in kinetics, reaching a peak •25 min after the start of the experiment (Figs.  8 and 9 ). This agrees with earlier results measured for populations of these two cell lines using ~25I-EGF (Benveniste et al., 1988) . The validation of the microscopic analysis by radioactive methods opens applications to experiments on a very small number of manipulated cells. Since the rate of endocytosis of the two cell lines is similar, the maximum internalized intensity for each cell line is proportional to the amount of Rh-EGF initially bound to the membrane. The high degree of membrane labeling observed immediately after the Rh-EGF incubation (Fig. 1 A) indicates that the ligand is mostly internalized by receptor-mediated endocytosis rather than by fluid-phase pinocytosis.
Computerized microscopy not only allows the integration of fluorescence internalized in single cells but it also enables the quantization of localized concentrations of fluorescent labels in different subcellular sites. Specific fluorescence, which becomes a measure of local EGF concentration, increases three-to fourfold within internalized vesicles for each tenfold increase in maximum internalized intensity of Rh-EGF (Fig. 13) .
The measurement of specific fluorescence allows us to discriminate between two opposing activation mechanisms for endocytosis: (a) global activation, where a critical concentration of occupied receptors on the cell surface stimulates an intermediary biochemical response that signals coated pits to internalize, independent of the number of receptors occupying them; and (b) selective activation, where the coated pits are internalized only after they are occupied by a sufficient number of receptors.
These two extreme models can be distinguished experimentally by determining the EGF concentration in endosomes as a function of the amount of EGF initially bound to the receptors in the membrane. If endocytosis occurs by global activation, the concentration of EGF in endosomes newly formed from coated pits should increase with the increasing number of occupied receptors, while the total number of endosomal vesicles should remain constant. If selective activation is the mechanism involved in endocytosis, the concentration of EGF in endosomes should be constant, while the number of endosomal vesicles should increase with the increasing number of occupied receptors. Obviously, methods measuring the total amount of endocytosed EGF cannot discriminate between the two cases.
The significant increase in specific fluorescence when EGF or its receptor concentrations are increased (Fig. 13) suggests that the global model is the probable mechanism for activation of endocytosis. The global model also is supported by the fact that the time course of internalization of fluorescent patches does not vary proportionally to either EGF or receptor concentration (Fig. 8) . Furthermore, changes in vesicle number did not correlate with changes in internalized intensity ( Fig. 10 and Table I ). These experiments with Rh-EGF cannot determine if global activation of endocytosis is induced by EGF ligand binding or if EGF enhances the rate of a constitutive endocytic pathway. Preliminary experiments recording endocytosis of fluorescently labeled Fab fragments with and without unlabeled EGF indicate enhancement of accumulated fluorescence in large vesicles by the EGF. However, the specific fuorescence of small vesicles was independent of the presence of EGF. This may indicate that endocytosis is constitutively activated, but EGF affects the intraceUular routing and sorting of internalized membrane patches.
The critical element in differentiating between the selective trapping and global activation models is based on knowing the concentration of ligands and receptors in endosomal vesicles directly formed from internalization of coated pits. The resolution of fluorescence-computerized microscopy does not allow the observation of those endosomes, but larger vesicles, which are the product of several fusion events, can be observed. Fig. 12 shows that the relationship between small patch areas and their fluorescence intensities is linear, which is the expected result for fusion between vesicles where membrane area is conserved. The integrated intensities are measured for the whole vesicle and thus do not depend on whether the fluorophores are attached to the vesicle membrane or freely diffuse within it. The x-intercept of Fig. 12 defines the area of nonfluorescent vesicles to which fluorescent vesicles fuse. Fig. 12 also indicates that the initial slope of the specific fluorescence extrapolates to the origin. The precision of this measurement is limited to one pixel which has a 10-fold greater cross-sectional area than the smallest endosomes found in a cell. Although our data suggest that small fluorescent vesicles fuse with each other, they may also fuse with vesicles <0.02 #m 2 which are devoid of Rh-EGE Thus, the kinetics of endocytosis measured by fluorescence may reflect the delivery of Rh-EGF from unresolvable endosomes to those of 0.02 ~,m 2 instead of the kinetics of receptor trapping and internalization.
The twofold increase in the specific fluorescence of patches >30-50 pixels in both HER82 and HER22 cells (Fig. 13) indicates that the Rh-EGF is being concentrated. This can also be observed by the increase in average specific fluorescence of all patches as a function of time as presented in Fig. 11 . Thex-intercept of the second slope (Fig. 12) suggests that the Rh-EGF may be routed to organelles previously devoid of the fluorescent probe that had an area of '~25 pixels or 0.56 #m 2. This corresponds to the approximate cross-sectional area of a lysosome, which is the final destination of Rh-EGF before degradation and expulsion into the medium (W'tllingham and . The change in specific fluorescence at late stages of the endocytic pathway could also be explained by a breakdown in the relationship of intensity to patch area for vesicles that span more than one focal plane or by a high concentration of many unresolved small vesicles (i.e., multivesicular bodies) or highly convoluted membranes which may be found in the juxtanuclear region of the cell (Miller et al., 1986) .
Examination of the deconvoluted optical sections at a high magnification and contrast, combined with hardware and software that enabled us to flip quickly and interactively between the different focal planes of the cell as well as to follow one plane back and forth in time, has allowed the tracking of isolated vesicles. Fig. 3 shows that vesicle movement is in the direction of the center of the cell. However, a significant rounding in cell shape can also be observed over this time period (Fig. 3) . To gauge the change in cell shape, the center of mass was determined from the outline of the membrane boundary of the particular optical section in which the vesicle was situated. Movement of the vesicles after subtracting of the center of mass does not seem to be oriented in a particular direction but rather had a random walk nature (data not shown). Pastan and Willingham (1981) and Willingharn and Pastan (1985) have tracked vesicles containing fluorescent cq-macroglobulin and have indicated that the vesicle movement is saltatory.
A twofold difference between slopes of specific fluorescence for small and large patch areas was also observed when individual vesicles were tracked (Table II) . The x-intercept for the second slope of individually tracked vesicles is approximately the same as the value determined by the automatic thresholding technique averaged on all vesicles in the cell. Thus, quantitative results can be obtained even for a single organelle in a cell.
Previously we have shown that the relative rates of internalization of ~25I-EGF on these transfected NIH-3T3 cells did not increase proportionally with the increase in EGF receptor concentration initially found on the membrane (Benveniste et al., 1988) and may be limited by the capacity of coated pits and their rate of internalization. Although this study shows that the rate of coated pit internalization, which is globally activated, is independent of the number of EGF receptors trapped in them, it is still not known whether trapping in coated pits is selective for occupied receptors. This can be determined by making similar measurements on cells where EGF and the receptors are labeled simultaneously by different fluorophores. However, energy transfer between fluorescein and rhodamine due to the high concentrations in vesicle membranes makes it extremely difficult to directly relate intensities to the concentrations of the labeled molecules.
